Pseudomonas aeruginosa is capable of long-term survival in water, which may serve as a reservoir for infection. Although viable cell counts of PAO1 incubated in water remain stable throughout 8 weeks, LIVE/DEAD® staining indicated a high proportion of cells stained with propidium iodide (PI). The proportion of PI-stained cells increased by 4 weeks, then decreased again by 8 weeks, suggesting an adaptive response. This was also evident in an observed shift in cell morphology from a rod to a coccoid shape after 8 weeks. Fluorescence-activated cell sorting (FACS) was used to recover PI-stained cells, which were plated and shown to be viable, indicating that PI-stained cells were membrane-compromised but still cultivable. PAO1 mid-log cells in water were labeled with the dsDNA-binding dye PicoGreen® to monitor viability as well as DNA integrity, which demonstrated that the population remains viable and transitions towards increased dsDNA staining. Metabolic activity was found to decrease significantly in water by 4 weeks. The PAO1 outer membrane became less permeable and more resistant to polymyxin B damage in water, and the profile of total membrane lipids changed over time. None of the individual mutants within a library of ~2500 mapped, mini-Tn5-lux transposon mutants were found to have decreased survival in water. Among the ~1400 transcriptional lux fusions, gene expression in water revealed that the majority of genes were repressed, but subsets of genes were induced at particular time points. In summary, these results indicate that P. aeruginosa is dormant in water and this adaptation involves a complex pattern of gene regulation and changes to the cell to promote long-term survival and antibiotic tolerance. The approach of P. aeruginosa incubated in water may be useful to study antibiotic tolerance and the mechanisms of dormancy and survival in nutrient limiting conditions. 3 1 INTRODUCTION 2
7 82 buffer (pH 7.2) containing 5 mM glucose. Cells were pretreated with sodium azide (0.2%) to 83 disable active efflux. 1-N-phenylnaphthylamine (NPN) is a fluorescent dye when integrated into 84 the hydrophobic environment of bacterial membranes. NPN was added to measure both the 85 baseline permeability and to measure the outer membrane tolerance to polymyxin B treatment. 86 After NPN addition, cells were treated with polymyxin B (5 µg/ml) to disrupt the OM, leading to 87 increased NPN uptake and fluorescence, which was measured using a Spectra Max M2 88 spectrophotometer using the SoftMax Pro 6 software. The setting for green excitation and emission 89 spectra were set to 350nm and 420nm respectively, at 30 o C. Samples of PAO1 were prepared in 90 triplicate for each assay, and the assay was performed three times.
91
Lipid detection of PAO1 cells following incubation in water. The total lipid profile of PAO1 92 cells following incubation in water was determined by thin-layer chromatography as previously 93 described [15] . Total lipids were extracted with chloroform:methanol (1:2), separated using thin 94 layer chromatography and amino group containing lipids were visualized by spraying with the 95 ninhydrin reagent (Sigma). Lipids were isolated from PAO1 incubated in water, and from control 96 PAO1 cultures grown in low and high phosphate BM2-defined growth media [15] . 
RESULTS

116
P. aeruginosa is capable of long-term survival in water. PAO1 was grown overnight in LB 117 medium, washed extensively, and inoculated into water at a concentration of 10 7 CFU/ml and 118 incubated at room temperature. Bacterial quantitation was performed to determine bacterial 119 survival over time. The viability of PAO1 remained high over the course of 8 weeks ( Fig. 1 ). Cell 120 numbers (CFU/ml) on occasion declined modestly by 0.5 -1 log from the initial inoculum, which 121 might be due to the use of stationary phase cells as an inoculum, as a small percentage of stationary 122 phase may be dead or dying. The initial decrease in viability may also be a result of lysis from 123 osmotic shock ( Fig. 1 ). Generally, viability remained at stable cell numbers for up to 8 weeks ( Fig.   124 1), consistent with a previous study reporting P. aeruginosa survival in water for 145 days (20.7 125 weeks) [5] .
126
To increase the robustness of counting viable P. aeruginosa cells in water, we assessed the 9 127 LIVE/DEAD staining patterns of cells in water using the DNA binding dyes SYTO 9 and 128 propidium iodide (PI). While the majority of cells in water were a homogenous SYTO 9 129 population, there was also a subpopulation of PI stained cells ( Fig. 2A ). SYTO 9 is membrane 130 permeable DNA stain that labels all cells green and PI is a membrane-impermeable, red DNA stain 131 that was originally used as an indicator of non-viability. However, it is now recognized that PI is 132 more likely an indicator of outer membrane disruption and increased permeability [18, 19] . The 133 numbers of total cells (green) and non-viable or membrane-compromised cells (red) were 134 determined. In the early weeks, the proportion of PI-stained cells was low (6-20%), and increased 135 to ~50% of cells at 4 weeks (Fig. 2C ). The PI-stained proportion decreased in the later weeks to 136 15-30% of the population (Fig. 2C ). In general, across all time points, ~75% of cells stained only 137 with SYTO 9, and ~25% cells were staining with SYTO9 and PI, indicating this subpopulation 138 was membrane-compromised and permeable to the DNA binding dye PI ( Fig. 2D ).
139
Fluorescence-activated cell sorting reveals that PI-stained cells are viable. 140 To determine if PI-stained cells in water were viable, the SYTO 9 positive and SYTO 9/PI 141 double positive population were separated and sorted into different tubes by FACS analysis. Next, 142 the PI-stained populations were serially diluted and plated to determine if these cells were viable.
143
The supposed 'dead' population of PI-stained cells indeed grew and was recovered after plating 144 on LB agar, indicating that the PI-stained cells were membrane-damaged but viable. While 145 monitoring the proportion of recoverable PI-staining cells, we observed that up to 100% of PI-146 stained cells were recovered after week 4 ( Table 1 ). The percent viability was calculated by 147 dividing the number of viable cells recovered on agar plates following serial dilution, by the 148 number of PI-stained cells that were counted and sorted by FACS. At the early 1 week time point, 149 it appears that over 50% of cells that stained with PI were non-viable, and it appears that P. 10 150 aeruginosa undergoes a transition whereby the PI-stained cells after 4 weeks are adapted to 151 surviving in water and become fully viable (Table 1) .
152
Having assessed viability of P. aeruginosa in water, we wanted to assess the overall metabolic 153 activity. At various time points, a sample of PAO1 in water was taken and the ATP reagent from 154 the BacTiter-Glo™ Microbial Cell Viability Assay from Promega was added at an equal volume.
155
ATP production was measured in a luminometer as a function of counts per second (cps) of 156 luminescence. ATP production decreased over time in the water samples from week 1 to 8, which 157 demonstrates that the population reduced their overall metabolic activity (Table 1 ), yet were 158 completely viable after 4 to 8 weeks ( Fig. 1 , Table 1 ). 159 P. aeruginosa DNA is intact and may be highly condensed in water. 160 Further flow cytometry experiments were performed using PicoGreen®, another viability stain 161 that measures vitality based on intact, dsDNA content. For this experiment, mid-log phase cultures 162 of PAO1 were inoculated into water for incubation, aliquots were removed over time, stained with 163 PicoGreen® and subjected to flow cytometry. Overall, PAO1 was confirmed to be viable in water 164 as the cells stained with PicoGreen®, resulting in strong green fluorescence. However, these 165 experiments also revealed that PAO1 fluoresced more in water compared to LB, and became more 166 fluorescent over time, with a 100-fold increase in peak fluorescence comparing cells in LB (10 3 ) 167 to cells inoculated into water (10 5 ) ( Fig. 4) . By 3 and 4 weeks in water, the peak fluorescence was 168 found to be >10 5 . The PicoGreen® fluorescence profile was generally lower and more dispersed 169 when stationary phase cells were incubated in water, as this population contains both living and 170 dying cells, and likely a mixture of dsDNA and degraded DNA (data not shown). During the 4 171 week incubation period in water, the picogreen fluorescence profile transitioned to a homogenous, high fluorescence profile, possibly reflecting a transition towards a stable population of dormant 173 cells and more intact dsDNA. The high fluorescence profile of cells in water for 4 weeks may also 174 suggest that the DNA structure became more tightly supercoiled and therefore more highly 175 condensed ( Fig. 4 ). In addition, the side-scatter values (SSC) decreased over time in water 176 compared to LB (Fig. 4) , which may indicate the transition to a smaller cell size, which was 177 observed in microscopy ( Fig. 3 ).
179
The PAO1 outer membrane is tolerant to polymyxin B after prolonged incubation in water. 180 Outer membrane permeability of PAO1 was assessed using a previously established method [13] .
181
Cells were pretreated with sodium azide, which blocks active efflux mechanisms, and then exposed Differential expression patterns of P. aeruginosa PAO1 genes in water. 197 To assess the gene expression patterns of PAO1 in water, we incubated a previously described in water, however no mutants were identified that had significant defects in survival during long-205 term incubation in water. This observation suggests that single gene knockouts cannot result in 206 survival defects, or that the genes of interest were not present in our mutant library.
207
The collection of ~1,400 mapped transcriptional lux fusions were inoculated into 96-well 208 plates containing sterile water (10 7 CFU/well) and incubated at room temperature. The gene 209 expression patterns were determined by measuring absorbance (OD 600 ) and luminescence (CPS) 210 at 0, 0.3, 1, 3, 5, 7, 13, 20, 26, and 34 days. The data was analyzed by dividing luminescence by 211 absorbance to correct for differences in cell density, and the fold changes of expression were 212 determined by comparing all values to time 0 (Sup Table 1 ). Cluster analysis of gene expression 213 was performed to assess the overall trends in gene expression.
214
The vast majority of genes were repressed (orange) during incubation in water. However, 215 there were sub-groups of genes that were induced (blue) during incubation in water ( Fig. 7 , Sup 13 216 Fig. 1-4 ). Four clusters of induced genes were identified: Cluster A, containing genes that were 217 found to be induced very late, around one month in water; Cluster B, genes that were induced 218 throughout the time course; Cluster C, genes that were induced at early time points and then 219 repressed in later time points; and Cluster D, genes that were expressed late (close to one month 220 in water) (Sup. Fig. 1-4) . 
234
Many metabolic genes were repressed in water, which is consistent with the reduction in 235 ATP production over time (Table 1) , but some genes were induced that indicate a shift to utilizing 236 alternate sources of energy to persist. Genes required for fatty-acid oxidation and involved in fatty-237 acid and phospholipid metabolism (foaB, fadH1, fadH2) were induced very late and may explain 238 the utilization of the phospholipid membrane for energy and the reduction in cell size after one 14 239 month in water. Many amino acid uptake (PA4911, PA4072, oprD) and catabolism genes (pepA, 240 aruB, phhC, amaB, gcdH, ilvD) were also induced, pointing to increased uptake and degradation 241 of amino acids as a source of nutrients, possibly from the subset of dying cells in the population.
242
Other expressed genes (exaA, zdhB), responsible for the utilization of alternative energy sources 243 (alcohols, xanthine, purines, pyrimidines, pterins, and aldehyde substrates) were up-regulated as 244 well.
245
Genes that were consistently expressed or induced over two months in water were those 246 that may be involved in maintaining the electrochemical gradient, or proton-motive force (PMF) the type VI secretion genes (tse1, vgrG). 263 Supplemental Table 1 lists the identity of each gene, the raw expression (CPS) and fold 264 change in gene expression at every time point relative to time zero. The global pattern of gene 265 repression suggests that many cellular processes are turned off during prolonged incubation in 266 water, however some genes were found to be induced at particular time points or at much later 267 time points, possibly indicating a specific role in water survival and a highly coordinated response.
268
P. aeruginosa alters the phospholipid composition of its membrane when dormant.
269
The longer P. aeruginosa remained in water, viability increased, and the outer membrane 270 became more impermeable to the hydrophobic dye NPN and more tolerant to polymyxin B. To 271 further test the hypothesis that the membrane undergoes changes during incubation in water, we 272 analyzed the total phospholipid content of cells in water. Thin layer chromatography (TLC) was 273 used to separate the total lipid extracts from PAO1, following incubation in water. Cells were 274 incubated in water as described above and samples were taken at day 0, day 7, and day 14 and run 275 on a TLC plate with lipids extracted from control cells grown in low and high phosphate 276 concentrations. In the presence of limiting phosphate, P. aeruginosa produces a unique ornithine 277 lipid that lacks phosphate in the head group, as a mechanism of adapting to limiting phosphate 278 [15], as a substitute for the primary lipid in the PAO1 envelope, phosphatidylethanolamine. PAO1 279 produced a novel lipid species following incubation in water for 14 days, which was not ornithine 280 lipid, indicating that P. aeruginosa produces a different membrane phospholipid content during 281 incubation in water (Fig. 6 ). on LB agar and found to 100% viable within 4 weeks (Fig. 2, Table 1 ). The cell-impermeable 287 DNA stain propidium iodide (PI) was originally thought of as a stain for dead cells, but in 288 agreement with other findings [18], we demonstrate here that PI-stained cells can be sorted and 289 recovered as viable growing colonies. PI is therefore better described as an indicator of membrane 290 damage, rather than bacterial death. During long-term survival in water, P. aeruginosa displayed 291 several adaptations that are consistent with dormancy. Cells in water had decreased metabolic 292 activity, as determined by measuring ATP production and by a general repression trend in the gene 293 expression patterns of a large number of transcriptional lux fusions. Cell shape converted from a 294 rod to a coccoid shape, the phospholipid content changed, and the outer membrane demonstrated 295 a decreased permeability and increased tolerance to polymyxin B disruption.
296
Although the majority of PAO1 genes were suppressed in water, a number of genes were 297 found to maintain or have induced expression at some point in the time course of long-term 298 survival in water. Since we were unable to recover single transposon mutants that died during long-299 term incubation in water, it appears that the adaptation to surviving in water is complex and 300 involves more than a single gene. Given the substantial proportion of induced genes, there does 301 appear to be an active and complex process of differentiation. It may be that multiple genes 302 contribute to survival in water and therefore it is unlikely to identify single mutants with survival 303 defects. The mutant library used here is not a saturating collection of mutants, and the mutants of 304 interest may not be present in this library [16, 20] . Future experiments will employ other genome-17 305 wide methods to attempt to identify a specific mechanism and genes required for long-term 306 survival in water.
307
The gene expression profile of P. aeruginosa in water validates a coordinated response by 308 the organism in the transition to dormancy. Most of the genes were repressed over time indicating 309 a reduction in many cellular and metabolic processes, but a number of specific genes were induced 310 throughout, or at certain time points, suggesting an importance for these genes in survival and 311 maintenance of a dormant state. Amino acid, fatty acid, and phospholipid metabolism genes were 312 induced and these compounds likely become alternative energy sources in the absence of nutrients (Fig. 3) , and we also observed 317 an increase in expression of a number of transport genes (Sup Table 1 ).
318
Genes in the library required for DNA replication were repressed over time, but those 319 involved in DNA repair and DNA packaging were induced. It is likely that DNA repair and 320 packaging are needed to ensure that DNA is protected and the fidelity of DNA is maintained until 321 the cell is in more favorable conditions for replication. The induction of genes encoding for 322 nucleoid-associated proteins (NAPs) such as CpbA and HimA, involved in nucleoid condensation 323 in other species, was notable as this correlates with the observed increase in fluorescence of PAO1 324 in water over time stained with the dsDNA dye PicoGreen® (Fig. 4 ). E. coli in stationary phase 325 has been shown to possess a condensed nucleoid due to NAPs, which is thought to protect against 326 DNA damage and confer a survival advantage [9,24].
327
Gene expression results also indicated that genes involved in maintenance of the proton-328 motive force (PMF), efflux pumps, sensor-response regulators, and other transcriptional regulators 329 were required for P. aeruginosa in water. Maintenance of the PMF is very likely necessary to 330 allow the organism to make ATP using alternative energy sources, transport substrates, support 331 motility, and respond to the environment [9] . It has been shown that bacteria in growth arrest need 332 to preserve the PMF to enable these functions in addition to maintaining the essential 333 macromolecular components of the cell [25, 26] . Many flagellin genes were also induced in water, 334 indicating that flagella are needed for biofilm formation, and possibly for chemotaxis to a nutrient 335 source [27,28]. Large aggregates, likely biofilms, were observed by microscopy and detected in 336 flow cytometry in PAO1 after 2 months in water (data not shown).
337
Genes involved in adaptation and protection were induced early on in water. The role of 338 these genes will be investigated in future studies. Type VI secretion genes were significantly 339 induced after one month in water and they may be needed for a competitive or protective 340 advantage, as well as biofilm formation (tse1), but further studies will be required to determine the 341 role of the type VI secretion system in dormancy [29, 30] . The differential expression of PAO1 342 genes in water using the mini-Tn5-lux library provides significant insight into the complexity of 343 the response of the organism to this environment and points to a number of potential mechanisms 344 required for survival in water. term in water, and to be recovered from drains, sinks, and water pipes, makes it a reservoir for 374 infectious disease. Since this organism is readily transferred into the hospital where it causes 375 infection, it is important to understand how this organism survives. This will contribute to solutions 376 for the prevention of infection. Finally, determining the mechanism for survival in water will be 377 beneficial for understanding how other microorganisms may persist in similar conditions. 
